ABSTRACT The impact of southern rice black-streaked dwarf virus (SRBSDV) on the life cycle of the vector Sogatella furcifera (Horváth) (Hemiptera: Delphacidae) was investigated. The adult longevity was signiÞcantly shorter when the insect was reared on the SRBSDV-infected rice plants than those reared on the noninfected rice treatment. The fecundity of S. furcifera reared on the SRBSDV-infected rice plants was slightly higher than that of those reared on the noninfected rice plants both in macropterous and brachypterous cohorts. In addition, SRBSDV infection in rice increased the population size of macropterous adults from both macropterous and brachypterous cohorts. After a 10 or 15 d feeding period on the SRBSDV-infected rice plants, the amount of honeydew excreted by the insect increased signiÞcantly when compared with those reared on the noninfected plants. These results revealed SRBSDV infection improves host suitability for its vector, S. furcifera.
Southern rice black-streaked dwarf virus (SRBSDV) is a member of the genus Fijivirus (family Reoviridae) and was Þrst observed in the Guangdong province, China, in 2001 (Zhou et al. 2008) . The genome of SRBSDV is closely related to rice black-streaked dwarf virus (RBSDV) and contains 10 double-stranded RNA (dsRNA) segments, S1 to S10 according to the size of molecular weights of these segements (Zhou et al. 2008) . SRBSDV has been a devastating disease in rice Þeld in southern China and northern part of Vietnam in recent years, with typical symptoms including stunted growth, wrinkled leaves, white waxy swelling on stems, and eventual yield losses (Zhou et al. 2008 , Ha et al. 2009 , Wang et al. 2010a , Zhou et al. 2010 . In addition to rice as a host plant, SRBSDV can also infect Zea mays L., Echinochloa crusgalli L., Juncellus serotinus (Rottboell), Pennisetum flaccidum Grisebach, and Sorghum bicolor L. (Zhou et al. 2008) .
SRBSDV is transmitted by a migratory insect, Sogatella furcifera (Horváth) (Hemiptera: Delphacidae), in a persistent, propagative manner. This virus is not propagated through rice seed (Wang et al. 2010b ). After infection with SRBSDV, the infected S. furcifera can remain infectious for its life but the virus will not be passed on to its eggs (Cao et al. 2011) . S. furcifera is a major insect pest of rice in Asia and often cause substantial yield losses in most rice-producing countries (Jiang et al. 2005, Wang and Wang 2007) . The symptom caused by S. furcifera infestation is commonly referred to as "hopper burn" (Backus et al. 2005) . Wing polymorphism of this insect is known to be an ecologically important factor. For example, the adult S. furcifera can be either short-winged (brachypterous) or long-winged (macropterous). The longwinged adults possess long distance migration ability that allows them to reach more favorable habitats in long distance for their survival and reproduction, while the short-winged ones can more easily cause serious damage to rice because they are settled insects whose reproductive capacity is stronger than that of long-winged adults.
For insect-transmitted viruses, one of the key elements to understanding the outbreaks of the viral diseases is to realize how a virus impacts the life cycle of its insect vector. The effects of viruses on vectors have been studied for a number of systems, such as tomato mottle virus (ToMoV) on Bemisia tabaci Biotype B (Gennadius) (Homoptera: Aleyrodidae) (McKenzie 2002), barley yellow dwarf virus (BYDV) on the cereal aphid Sitobion avenae F. (Hemiptera: Aphididae) (Fiebig et al. 2004) , and tobacco curly shoot virus (TbCSV) and tomato yellow leaf curl China virus (TYLCCNV) on B. tabaci B and ZHJ1 biotype, respectively (Jiu et al. 2007 ), but there is still a signiÞcance knowledge gap in this critical area of the epidemiology of plant viruses. In this study, the effects of SRBSDV on the development, life-table parameters, feeding, and wing formation of S. furcifera were investigated in the laboratory. The Þndings expand our knowledge of viral impact on their insect vectors, and may be useful for developing control measures for SRBSDV and S. furcifera in the future.
Materials and Methods
Plant, Virus Source, and Vector. Rice plants infected with SRBSDV were collected from Mangshi, Yunnan Province of China during the growing seasons of 2011 and 2012. All samples were tested by real time polymerase chain reaction to conÞrm infection and stored at Ϫ80ЊC.
A SRBSDV susceptible strain of S. furcifera was maintained with rice seedlings at 25 Ϯ 1ЊC and a photoperiod of 16:8 (L:D) h for Ͼ1 yr at the Institute of Biotechnology and Germplasm Resources, Yunnan Academy of Agricultural Sciences, Kunming, China.
No speciÞc permits were required for the described Þeld studies. The location is not privately-owned or protected in any way and the Þeld studies did not involve endangered or protected species. Plant Protecting Station of Mangshi issued the permission for the location.
Effect of SRBSDV on S. furcifera Growth. To determine the effect of SRBSDV on S. furcifera growth, we cultured S. furcifera on SRBSDV-infected or noninfected rice stems using a dipping method reported previously (Zhuang et al. 1999 , Wang et al. 2008 . Brießy, the infected or noninfected rice plants were separately harvested at the tillering to booting stage. The harvested plants were washed and their stems (Ϸ10 cm in length) with roots were cut with razor blades. After air drying to remove excess water, three infected or noninfected rice stems were bundled as a group and moistened cotton was used to wrap the rice roots. The bundled stems were placed individually into 500-ml plastic containers. Twenty S. furcifera eggs aged Ͻ6 h were carefully transferred into each plastic container using an aspirator. The containers were maintained at the same condition as described above. Noninfected rice treatment was used as control. Growth of S. furcifera in each container was monitored daily till the end of adult life. Durations of each development stage were separately recorded for S. furcifera reared on the infected or noninfected stems. This experiment was repeated three times.
Effect of SRBSDV on S. furcifera Life-Table Parameters and Wing Formation. S. furcifera at Þfth nymph stage were reared separately until adulthood. The unmated adults were divided into the following four groups: macropterous females, macropterous males, brachypterous females, and brachypterous males. Ten pairs of macropterous females and males were released into each of 10 containers (30 cm in height, 16 cm in diameter) containing noninfected rice seedlings to produce 10 macropterous cohorts. Ten brachypterous cohorts were also produced using 10 pairs of brachypterous females and males. All resulting cohorts were reared at 25 Ϯ 1ЊC and a photoperiod of 16:8 (L:D) h.
The effect of SRBSDV on S. furcifera life table parameters and wing formation were determined using their life tables constructed according to the method described by Zhang et al. (2010b) . One hundred neonates were collected randomly from each cohort as founders of the experimental population and reared on the SRBSDV-infected or noninfected rice plants at tillering stage under the conditions described above. When the neonates developed into the third and Þfth nymph stages, the survival rates representing those developed into the third nymph stage (S u 1) or those surviving into between the third to Þfth nymph stage (S u 2) were determined. The emerged males and females were then counted daily to determine the emergence rate (E r ) and percentage of females (F r ). The rice stems used to feed adults were inspected thoroughly for the number of nonhatched eggs. The copulation rate (Cr) was determined based on the proportion of females producing eggs. The female fecundity (F y ) was decided based on the average number of eggs produced by the copulated females. The eclosion rate (H y ) was calculated based on the total number of neonates versus the total number of neonates plus the number of nonhatched eggs. The experiment was repeated Þve times. The population growth index (I) was calculated as:
where N O is the number of neonates used in the initial population, N t is the number of individuals in the next generation population, and when calculating the N t , all factors were standardized using the arcsine squareroot transformation.
To determine the effect of SRBSDV infection on the wing formation of S. furcifera, 20 s generation neonates derived from the Þrst generation S. furcifera reared on the infected or noninfected rice plants were collected and placed separately inside the plastic containers containing noninfected rice seedlings under the conditions as described above. Fresh noninfected rice seedlings were provided once every 3 d until adult emerged. The number of macropterous female and male and brachypterous female and male were recorded separately for those derived from Þrst generation reared on the infected plants or those reared on the noninfected plants. The percentages of macropterous female versus male were then determined. The experiment was repeated three times.
Feeding Rate Assay. Sogawa and Pathak (1970) reported a positive relationship between ingestion and honeydew excretion by Nilaparvata lugens Stål (Hemiptera: Delphacidae), and honeydew weights were usually measured to quantify the amount of feeding by planthopper. Thus, feeding rate of S. furcifera was assayed using the honeydew excretion method previously described by Ling et al. (2009) . After 2 h starvation, a single second nymph stage S. furcifera was placed into a paraÞlm sachet (2.0 by 3.5 cm) and the sachets were hung on the infected or noninfected rice stems (rice plants at tillering stage), which were Ϸ10 cm above the water surface. The empty sachets were used as controls. The amount of honeydew produced by individual nymphs was measured at the 5th, 10th, and 15th day post-treatment, respectively. After the sachets were collected at various days post-treatment, the honeydew inside each sachet was collected using a Þlter paper to absorb the honeydew on the paraÞlm and the Þlter paper was then weighed using a MettlerToledo electronic balance (Modle AB104-S, MettlerToledo, Columbus, OH). Honeydew excretion per insect (H) was calculated as follows:
where W ta and W tb are the weights of the Þlter papers after and before the absorption of honeydew, respectively, and W ca and W cb are the weights of the Þlter papers after and before the absorption using the empty sachet, respectively. In each experiment 10 SRBSDV-infected and 10 noninfected rice plants were used and the experiment was repeated 10 times and the position of each sachet placed on the stem was basically the same in the study.
Data Analysis. In this study, all data were analyzed using the SPSS (version 11.5., SPSS, Chicago, IL). StudentÕs t-test and TukeyÐKramer method (P Ͻ 0.05) were used to determine the signiÞcance of difference between different treatments.
Results
Effect of SRBSDV Infection on S. furcifera Development. Table 1 shows the duration of each stage for S. furcifera reared on the SRBSDV-infected and noninfected rice plants. Although the duration of egg development and nymphal stages was slightly shorter for S. furcifera reared on the SRBSDV-infected than that for those reared on the noninfected rice plants, this difference was no statistically signiÞcant (P Ͼ 0.05). However, when the adult S. furcifera longevity was compared, the longevity of adult S. furcifera reared on the SRBSDV-infected plants was signiÞ-cantly shorter (P Ͻ 0.05) than the adult S. furcifera reared on the noninfected rice plants.
Effect of SRBSDV Infection on S. furcifera Life Table Parameters. Results shown in Table 2 indicate that the survival rate of neonate to third stage nymph was signiÞcantly higher for those reared on the SRBSDV-infected plants in brachypterous cohorts (P Ͻ 0.05). For the emergence rate the only signiÞcant difference was observed between the brachypterous cohorts reared on the infected or noninfected plants. Although the fecundity of S. furcifera reared on the SRBSDV-infected rice plants was slightly higher than that observed for S. furcifera reared on the noninfected plants, and the macropterous cohorts laid fewer eggs than the brachypterous cohorts, there were no signiÞcant differences between the two treatments in the female ratio, copulation rate, fecundity, and hatchability for both macropterous and brachypterous cohorts.
In this study, the population of macropterous and brachypterous cohorts reared on the SRBSDV-infected rice plants increased 21.82 and 22.77 times, respectively, in one generation. The population of macropterous and brachypterous cohorts reared on the noninfected rice plants increased19.79 and 21.30 times, respectively. N O , number of neonates used in the initial pop; S u 1 and S u 2, survival rates for neonate and up to the third stage nymph (S u 1), and the third to Þfth stage nymph (S u 2), separately; E r , emergence rate; F r , female ratio; C r , rate of successful mating; F y , fecundity (eggs per female); H y , hatchability; N, predicted number of offsprings; I, pop trend index. Mean Ϯ SE, mean of three replicates ϮSE.
a Values in the same row with different letters show signiÞcant difference at P Ͻ 0.05 level (TukeyÐKramer method).
Effect of SRBSDV Infection on S. furcifera Wing Formation. Table 3 shows that in both macropterous and brachypterous cohorts, the percentages of macropterous females and males from SRBSDV-infected rice were signiÞcantly higher (P Ͻ 0.05) than those from uninfected rice. For instance, the percentages of macropterous females in macropterous and brachypterous cohorts treated with SRBSDV-infected rice were 1.32-and 1.42-fold, respectively, that those of the control groups.
Effect of SRBSDV Infection on S. furcifera Feeding. When the honeydew was measured after a 5 d feeding period, no signiÞcant difference was observed between the honeydew quantity excreted by the second stage nymphs reared on the SRBSDV-infected or noninfected rice plants (Fig. 1) . However, a signiÞcant increase of honeydew excretion (P Ͻ 0.05) was observed for nymphs reared on the SRBSDV-infected plants by the 10 and 15 d feeding periods as compared with the honeydew excretion by nymphs reared on the noninfected plants. The increases were at Ϸ25% for the 10 d feeding and 37% for the 15 d feeding treatment.
Discussion
To date, several studies have indicated that plant viruses can have a direct impact on the biological activities of their vectors, including ToMoV infection on B. tabaci B, BYDV on S. avenae, TbCSV and TYLCCNV on B. tabaci B and ZHJ1 biotype, respectively (McKenzie 2002 , Fiebig et al. 2004 ).
The effects of plant viruses on their insect vectors can be positive or negative. For example, Nakasuji and Kiritani (1970) reported that rice dwarf virus infection had negative impacts on Nephotettix cincticeps Uhler adult female longevity, preovipositional period, fertility, duration of egg stage, and nymph survival rate. Other studies have indicated that upon infection of potato leaf roll virus with Myzus persicae (Sulzer) or tomato spotted wilt virus with Frankliniella occidentalis (Pergande) the Þtness of the vectors were improved, respectively (Castle and Berger 1993, Maris et al. 2004) . In this study, although the development durations of eggs and nymphal stages were slightly shorter for S. furcifera reared on the SRBSDV-infected rice than that observed for those reared on the noninfected rice, the differences were not at signiÞcant levels. However, the adult longevity for those reared on the noninfected rice was signiÞcantly longer than that observed for those reared on the SRBSDV-infected rice plants. This difference may relate to the high level accumulation of SRBSDV in the adults or the reduction of host nutrition value due to SRBSDV infection in plant. The shorter duration of S. furcifera on SRBSDV-infected rice plants may lead to a more efÞcient and wide spread of the disease in Þeld.
The life table technique is important to population ecology and provides us more complete information on the survivorship, reproduction, and the population growth parameters. Compared with those reared on the noninfected rice plants, the S. furcifera macropterous cohorts reared on the SRBSDV-infected rice plants showed a higher ratio of female, successful mating, fecundity (eggs produced by each female), and egg hatchability. Interestingly, the brachypterous cohorts reared with the noninfected rice plants showed a lower female ratio and fecundity than that observed for those reared on the SRBSDV-infected rice plants. Because S. furcifera brachypterous cohort has a higher reproductive capacity than macropterous cohort, feeding on the SRBSDV-infected rice plants may result in a more severe damage to rice (Ayoade et al. 1996 ). In the current study, no signiÞcant difference was observed on fecundity for both macropterous or brachypterous cohorts reared on the SRBSDV-infected or noninfected plants, leading to the conclusion that the negative effect of SRBSDV infection on S. furcifera fecundity was not evident. The population trend indexes (I) of S. furcifera population reared on the SRBSDV-infected plants was higher than that observed for those reared on the nonin- Environmental conditions, including temperature, humidity, and light, can have a signiÞcant impact on insect wing formation (Iwanaga and Tojo 1986 , Masaya 1996 , Syobu et al. 2002 , Cô nsoli and Vinson 2004 , Cristiane et al. 2008 . The effect of virus infection on insect vector wing formation has not been reported. In this study, a signiÞcant impact of SRBSDV infection on S. furcifera wing formation was demonstrated. For both macropterous and brachypterous cohorts, feeding on SRBSDV-infected rice plants signiÞcantly increased the numbers of both female and male macropterous adults. This result indicates that the SRBSDV infection clearly affects the S. furcifera wing formation, and this effect is stronger on the macropterous females than the macropterous males. It was reported that hormones plays an important role in insect metamorphosis, including wing formation in N. lugens (Ayoade et al. 1996 ; therefore, we inferred that SRBSDV infection in S. furcifera may affect the hormone production in this insect, affecting the wing formation. This hypothesis requires further investigations.
The feeding rate is an important factor for resurgence and honeydew excretion, and honeydew excretion has been widely used as a measurement of insect feeding activity (Begum and Wilkins 1998, Elsa et al. 2003) . In this study, S. furcifera seems to prefer the SRBSDV-infected rice plants to the noninfected rice plants. This is because the amount of honeydew excreted by the S. furcifera reared on the SRBSDVinfected rice plants was much higher than that reared on the noninfected rice plants after a 10 or 15 d feeding period. The increased feeding activity reßexes a higher efÞciency of phloem sap uptaking by S. furcifera on the SRBSDV-infected rice plants. Stout et al. (2006) reported that the increase of sucking insect Þtness on virus-infected plants was often correlated with an increase of free amino acids in saps of the plants. It is possible that the improved feeding activity of S. furcifera on the SRBSDV-infected rice plants might correlate with the changes in free amino acids content in the rice sap.
In summary, the Þndings presented in this article indicate that SRBSDV infection in rice may result in production of a larger population of macropterous S. furcifera in nature, and thus increase the probability of SRBSDV spread in rice Þeld. Because S. furcifera prefers to feed on the SRBSDV-infected rice plants, the insect vector also beneÞts from the virus infection in Þeld. Based on these analyses, we conclude that SRBSDV infection improves host suitability for its vector S. furcifera.
